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Abstract 

We systematically construct two kinds of models with canonical gauge coupling unification and 
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universal high-scale supersymmetry breaking. In the first we introduce standard vector-like par- 
tides while in the second we also include non-standard vector-like particles. We require that the 
gauge coupling unification scale is from 5 x 10 GeV to the Planck scale, that the universal su- 
^h. persymmetry breaking scale is from 10 TeV to the unification scale, and that the masses of the 



vector- like particles (My) are universal and in the range from 200 GeV to 1 TeV. Using two- loop 
renormalization group equation (RGE) running for the gauge couplings and one-loop RGE running 



> 
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for Yukawa couplings and the Higgs quartic coupling, we calculate the supersymmetry breaking 
scales, the gauge coupling unification scales, and the corresponding Higgs mass ranges. When the 
vector- like particle masses are less than 1 TeV, these models can be tested at the LHC. 

PACS numbers: 11.25.Mj, 12.10.Kt, 12.10.-g 
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I. INTRODUCTION 



There is no known symmetry in effective field theory or string theory that can constrain 
the cosmological constant Acc to be zero. Why the cosmological constant is so tiny compared 
to the Planck scale M P1 or string scale M String (A cc ~ 10 _122 Mp 1 ) is a great mystery in 
particle physics and cosmology. In addition, because the Standard Model (SM) Higgs boson 
mass is not stable against quantum corrections, the weak scale, which is about 16 (15) order 
smaller than Mpi (Mstring), presents another puzzle. These are the cosmological constant 
problem and gauge hierarchy problem, respectively. Supersymmetry can solve the gauge 
hierarchy problem elegantly; however, it can ameliorate but cannot solve the cosmological 
constant problem. 

Because there exists an enormous "landscape" for long-lived metastable vacua in the 
Type II string theories with flux compactifications where the moduli can be stabilized and 
supersymmetry may be broken [l|, we may explain the tiny value of the cosmological constant 
by the "weak anthropic principle" and solve the gauge hierarchy problem simultaneously 



without invoking weak s ca,e su_etry Q . Although the strong CP problem is stiu a 
big challenge in the string landscape [4|], it can be solved by the well known Peccei-Quinn 
mechanism [5JI. The axion solutions can be stabilized by the gauged discrete Zm Peccei- 

n q 

Quinn symmetry [6|, |7| arising from the breaking of an anomalous U(1)a gauge symmetry 
in string constructions [si, [9]. The axion can also be a cold dark matter candidate 

One consequence of the string landscape is that supersymmetry can be broken at a high 
scale if we have many supersymmetry breaking parameters or many hidden sectors lOj, 111 ]. 
Because the string landscape is mainly based on Type II orientifolds with flux compactifica- 
tions, the supersymmetry breaking soft masses and trilinear A terms are generically about 
M| tring /Mpi, at least in the known models [l^Q. We shall assume universal supersymmetry 
breaking in this paper. 

Supposing that the cosmological constant and gauge hierarchy problems are indeed solved 
in the string landscape, what would the guiding principle for our model building and new 
physics search be? In this paper, we consider canonical gauge coupling unification as our 
main guiding principle to study new physics in the extensions of the SM, which would be 
expected in Grand Unified Theories (GUTs). Achieving the SM gauge coupling unification 
for high-scale supersymmetry breaking is an interesting question. It is well known that gauge 
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coupling unification cannot be achieved in the SM with the canonical normalization of the 
U(l)y hypercharge interaction, i.e., the Georgi-Glashow SU(5) normalization jl4j ]. unless 
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we introduce additional vector-like particles at the weak scale 

can indeed be realized at about 10 16-17 GeV for non-canonical U(l)y normalizations [19j |. 

In this paper we systematically construct the models with canonical gauge coupling unifi- 
cation and universal high-scale supersymmetry breaking by introducing extra SM vector-like 
fermions at the weak scale 1 . To avoid the dimension-6 proton decay problem and quantum 
gravity effects, we require that the gauge coupling unification scale (Mu) is in the range from 
5 x 10 15 GeV to the Planck scale. We also assume that the supersymmetry breaking scale 
(Ms) can be from 10 TeV to the unification scale. The masses of the vector-like fermions 
(My) could in principle be arbitrary. However, we restrict our attention to the case of a 
universal My in the range from 200 GeV to 1 TeV. This is motivated by simplicity and 
because such particles would be observable at the LHC. Furthermore, in some models there 
are additional symmetries which require My to be generated by the vacuum expectation 



value of a Standard Model singlet field which is tied to the electroweak scale [2l|. To have 
such gauge coupling unification, we show that the total contributions to the one-loop beta 
function of SU(2) L (A6 2 ) from the vector-like fermions must be equal to those of SU(3)c 
(A63), i.e. A&2 = A63, and we also obtain the constraint 2/5 < A62 — Afei < 13/5, where A&i 
is the total contribution to the one-loop beta function of U(l)y. There are only finite possi- 
bilities for A6 2 — A&i due to the quantization of A6j. To systematically study gauge coupling 
unification with high-scale supersymmetry breaking, we employ the one-loop beta function 



equivalent relations among the particle sets, which was originally proposed in Ref. [22|. If 
the gauge coupling unification can be achieved in a model with a set of vector-like fermions 
which have A62 = A63 and A62 — A&i = q,, all the models with gauge coupling unification 
and the vector-like fermions which have A6 2 = A6 3 and Ab 2 — Abi = q, can be constructed 
by adding particles such that the one-loop beta function equivalent relations hold for the 
additional particle sets. 

We consider two kinds of models. For the first kind, we introduce the standard vector- 
like particles whose quantum numbers are identical to those of the SM fermions and their 



1 We do not consider new particles which are chiral with respect to the SM gauge group because of the 
precision electroweak constraints |20j . They could, however, be chiral with respect to additional gauge 
symmetries. 
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Hermitian conjugates, the particles in the 577(5) symmetric representation and their Her- 
mitian conjugates, and the S77(5) adjoint particles. For the second kind, we introduce non- 
standard vector-like particles which are charged under the S77(3]r- x SU{2) L and neutral 
under U(1)y- These particles can arise from string constructions 23|, |24J 2 . After identifying 
viable models, we use two-loop renormalization group equation (RGE) running for the SM 
gauge couplings and one-loop RGE running for the Yukawa couplings and the Higgs quartic 
coupling to calculate the supersymmetry breaking scales, gauge coupling unification scales, 
and the corresponding Higgs mass ranges for the models with simple sets of extra vector-like 
fermions for My = 200 GeV and 1 TeV. In the first kind of models, A&2 — A&i can only 
be equal to 6/5 and 12/5, and then the corresponding supersymmetry breaking scale can 
only be around 10 10 GeV and 10 15 GeV, respectively. In the second kind, A6 2 — A&i can 
be n/5 with n — 2, 3, 13, and the supersymmetry breaking scale can be from 10 5 GeV to 
10 16 GeV if we include uncertainties from the threshold corrections at the scales My, Ms 
and Mjj. The masses of the vector-like fermions are within the reach of the Large Hadron 
Collider (LHC). 

We briefly discuss the phenomenological consequences of the models, which will be pre- 
sented in detail elsewhere. 

This paper is organized as follows: in Section II, we present our calculation procedure. 
We consider canonical gauge coupling unification and the Higgs mass ranges in the models 
with standard vector-like particles and non-standard vector-like particles in Sections III 
and IV, respectively. In Section V, we comment on phenomenological consequences. Our 
discussions and conclusions are in Section VI. The renormalization group equations are given 
in Appendix A, and the two-loop beta functions for the additional vector-like particles are 
given in Appendix B. 



II. CALCULATION PROCEDURE 



We consider models with canonical gauge coupling unification where the supersymmetry 
breaking scale is from 10 TeV to the unification scale. In this range the constraints on the 
electric dipole moments (EDMs) of the electron and neutron due to the generic CP violations 

2 In some cases these models imply fractional electric charges, and would be allowed only for non-standard 
cosmologies. 
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in the supersymmetry breaking soft terms can automatically be satisfied. The cosmological 
constant problem and gauge hierarchy problem are assumed to be solved by the string 
landscape. We assume that the strong CP problem can be solved by the Peccei-Quinn 
mechanism. The axion can be a cold dark matter candidate. The additional vector-like 
fermions could also provide possible cold dark matter candidates. Similar to the new minimal 
SM 25], the neutrino masses and mixings can be exp lained by the see-saw mechanism by 
introducing two or three right-handed neutrinos [26|, and the baryon asymmetry can be 
generated by leptogenesis 27] or other mechanisms. 

In supersymmetric models there generically exist one pair of Higgs doublets H u and 
Hd- We define the SM Higgs doublet H, which is fine-tuned to have a weak-scale mass, as 
H = — cos dia^H^ + sin f3H u , where is the second Pauli matrix and tan (3 is a mixing 
parameter [7], . Inspired by the supersymmetry breaking on Type II orientifolds with flux 
compactifications Q], we assume universal supersymmetry breaking at scale Mg, i.e., 
the gauginos, squarks, sleptons, Higgsinos, and the other combination of the scalar Higgs 
doublets (sin fii<j<iH*d + cos /3H U ) have a universal supersymmetry breaking soft mass around 
M s . 

We require that the gauge coupling unification scale is higher than 5 x 10 15 GeV so 
that the dimension-6 proton decay via exchange of the X and Y gauge bosons can be 
suppressed, and that the scale is smaller than the Planck scale (2.4 x 10 18 GeV) so that 
quantum gravity effects can be neglected 3 . To achieve canonical gauge coupling unification, 
we introduce vector-like fermions, and for simplicity we assume that their masses (My) are 
universal and from 200 GeV to 1 TeV so that they can be observed at the LHC. Our analysis 
can be easily extended to the cases where My takes either non-universal or higher values. 
The superpartners of these vector-like fermions (scalar components in the supermultiplets) 
are assumed to have supersymmetry breaking soft masses around Mg. If Mg ~ Mu, the 
canonical gauge coupling unification is realized in the SM through the introduction of the 
vector-like particles. 

The one-loop Abi relevant from Mg to M\j are given in the following Sections. From My 
to Mg, the one-loop beta functions Abi from the vector-like fermions should be 2/3 of those 



3 Unification at the string scale (~ 5 x 10 17 GeV) for weakly coupled heterotic string theory [23| is considered 
in 0. 
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for the complete supermultiplets. The renormalization group equations in the SM and the 
Minimal Supersymmetric Standard Model (MSSM) can be found in Appendix |A] The two- 
loop beta functions from these extra vector-like fields are given in Appendix [B] We consider 
two-loop RGE running for the SM gauge couplings and one-loop running for the Yukawa 
couplings and the Higgs quartic coupling. For simplicity, we only consider the contributions 
to the gauge coupling RGE running from the Yukawa couplings of the third family of the 
SM fermions, i.e., the top quark, bottom quark and r lepton Yukawa couplings. We do not 
consider the contributions to the gauge coupling RGE running from the Yukawa couplings 
of the extra vector-like particles. 

We denote the gauge couplings for U(l)y, SU(2) L , and SU(3)c as gy, g%, and g 3 , re- 



spectively, and define g\ = y5/3gy. The major prediction in the models with high-scale 
supersymmetry breaking is the Higgs boson mass , [29]. We can calculate the Higgs 



boson quartic coupling A at the supersymmetry breaking scale Ms 

and then evolve it down to the weak scale. The renormalization group equation for the Higgs 
quartic coupling is also given in Appendix |A] Using the one-loop effective Higgs potential 
with top quark radiative corrections, we calculate the Higgs boson mass by minimizing the 
effective potential 



V eff = ml^H - ±{rfHf - ^h^Hf 



(2) 



Q 2 2 

where ml is the bare Higgs mass squared, h t is the top quark Yukawa coupling, and the 



scale Q is chosen to be at the Higgs boson mass. We use the one-loop corrected MS top 
quark Yukawa coupling [30|], which is related to the top quark pole mass by 

( 16 g\ hf \ 

m < = n i + inf^- 2 ii^J- (3) 

We define a, = gf/4:ir and denote the Z boson mass as Mz- In the following numerical 
calculations, we use top quark pole mass m t = 171.4 ± 2.1 GeV [3^], the strong coupling 



constant a^iMz) = 0.1189 ± 0.0010 [331 ] . The fine structure constant chem, weak mixing 



angle 6\y and Higgs vacuum expectation value (VEV) v at M z are |20l 



a 



em{M z ) = 127.904 ±0.019. 



sin 2 d w (M z ) = 0.23122 ± 0.00015 , 

v = 174. 10 GeV. (4) 



III. MODELS WITH STANDARD VECTOR-LIKE PARTICLES 



To achieve canonical gauge coupling unification, we first introduce the vector-like parti- 
cles whose quantum numbers are the same as those of the SM fermions and their Hermitian 
conjugates, particles in the SU(5) symmetric representation and their Hermitian conjugates, 
and the SU(5) adjoint particles. Their quantum numbers under SU(3)c x SU(2)l x U(1)y 
and their contributions to one-loop beta functions, Ab = (Ab±, Ab 2 , Ab 3 ) as complete super- 
multiplets are 

XQ + XQ = (6,2,\) + (6,2,-\), A6=(±3,2); (5) 

O D 5 

XU + XU=(3,1,^) + (6,1,~), A6 = (|,0,l); (6) 

XD + XD = (3,l,-\) + (6,l,\), A6 = (^,0,l); (7) 

6 6 o 

1, 1 



XL + XL = (1,2,-) + (1,2,--), A6=(-,l,0); (8) 

,6 



XE + XE = (1,1,1) + (1,1,-1), Aft = (-,0,0); (9) 

XG= (8,1,0), A6 = (0,0,3); (10) 

^= (1,3,0), Aft = (0,2,0); (11) 

XT + XT = (1, 3, 1) + (1, 3, -1) , A6 = (H 4 , 0) ; (12) 

o 

2-2 16 

XS + XS = (6,1,--) + (6,1,-), Aft =(—,0,5); (13) 
3 3 5 

XV + XF=(3,2,~) + (3,2,^), Aft = (5, 3, 2). (14) 

There are three mass scales in our models: the universal mass for the vector-like particles 
My, the supersymmetry breaking scale Ms, and the gauge coupling unification scale Mjj. 
The viable values of Ab for our choices of scales: 200 GeV < M v < 1 TeV, 10 TeV < 
M s < M v and 5.0 x 10 15 GeV < M v < 2.4 x 10 18 GeV, are limited. At one-loop level, only 
the relative differences between the beta functions are relevant so that (Ab 1: Ab 2 , Ab s ) is 
essentially equivalent to (0, Ab 2 — A6i, A63 — A&i), i.e., increasing or decreasing A&i, Ab 2 , 
and A6 3 by the same amount does not affect these mass scales, but they do increase or 
decrease the strength of the unified gauge couplings, respectively. As long as we keep A&i 
less than around 10, the gauge couplings at the unification scale will remain perturbative. 

Let us first study the possible values for Ab s — Ab 2 . The choices of A6 3 — Ab 2 < — 1 and 
A6 3 — Ab 2 > 1 respectively produce too small and too large values for the SU(2) L x SU(3) C 



gauge coupling unification scale Mu- Assuming Ms = Mu and the SM gauge couplings 
at the weak scale, we show the one-loop SU(2)l x SU(3)c unification scale Mu for the 
cases (Ab 2 = 1, A6 3 = 0) and (Ab 2 = 1, Ab 3 = 2) in the left plot of Fig. [TJ For (A6 2 = 
1,A6 3 = 0), My is smaller than 8 x 10 14 GeV, which is the maximal unification scale for 
the case A6 3 - Ab 2 < -1. For (A6 2 = 1, Ab 3 = 2), M v is larger than 10 20 GeV, which is 
the minimal unification scale for A5 3 — Ab 2 > 1. Because the two-loop RGE running can 
only change the unification scale by a factor less than 5 for the models we have studied in 
this paper and Ab 2 and A6 3 only take integer values, we obtain 4 that A6 3 = A6 2 . We also 
observe that gauge coupling unification including a canonically normalized U(l)y requires 
2/5 < A6 2 — Ab\ < 13/5 in the models with high-scale supersymmetry breaking. For 
Ab 2 — Abi > 3, Ms is larger than My, and 1/5, 14/5 or 3 cannot be generated from the 
given particle sets. 

In the right plot of Fig. [I] we show the dependence of Ms and Mu on A6 2 — Ab\, based 
on one-loop RGE running for the SM gauge couplings. In two-loop RGE running, the actual 
values of A&'s will shift Ms and Mu away from those indicated by the curves. Curves for 
both M s and M v are plotted for M v = 200 GeV and M v = 1 TeV. However, for M v the 
two dotted curves are too close to each other to be discerned. The solid curves are for Ms, 
with the upper one for My = 200 GeV and the lower for My = 1 TeV. As we increase 
Ab 2 — Abi, the increase in Mu is gradual, but the increase in Ms is very rapid. 

Using the constraints on Ab\, Ab 2 , and A6 3 , we are ready to generate the complete 
sets of vector-like particles that will ensure canonical gauge coupling unification. Because 
A6 3 = A6 2 and 2/5 < Ab 2 — Abi < 13/5, there are only finite possibilities for A6 2 — A&i 
due to the quantization of Abi. We employ the equivalent relations of the one-loop beta 



function for the particle sets [22j. If we can achieve canonical gauge coupling unification by 
introducing one set of the vector-like fermions with A6 3 = Ab 2 and Ab 2 — Ab\ = q,, it also 
holds for one- loop equivalent sets, defined as those with the same A6 3 — Ab 2 and Ab 2 — Ab± at 
one loop, because the two-loop effects give only small corrections. The complete independent 



4 The argument becomes even stronger for Ms < Mjj, with Mjj becoming even smaller or larger for 
— A&2 = Tlj respectively. On the other hand the argument would be weakened if we allowed My 
much larger than 1 TeV, i.e., in that case A63 ^ A&2 would be allowed. 
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FIG. 1: Left: The intersections of the upper solid line with the dashed line, solid line and the dotted 
line show the one-loop SU(3)c x SU(2)i gauge coupling unification scale for (A&2 = 1, A63 = 0), 
(A6 2 = 1, A6 3 = 1), and (A6 2 = 1, A6 3 = 2), respectively. Right: Mass scales M s (solid) and My 
(dotted) as functions of A62 — A&i from one-loop RGE running. The upper curves correspond to 
My = 200 GeV and the lower curves My = 1 TeV. 



one- loop beta function equivalent relations for the particle sets are 22] 



EQV1 


XQ + XU + XE - , or XQ + XU + XE ~ ; 


(15) 


EQV2 


XD + XL ~ , or XD + XL ~ ; 


(16) 


EQV3 


XW + XG + XY + XY ~ ; 


(17) 


EQVA 


XQ + XT + XS ~ , or + XT + ~ ; 


(18) 


EQV5 


2(XD + XD) +XE + XE + XW ~ ; 


(19) 


EQVQ 


XL + XL + 2(XE + XE) + XVT + XG ~ ; 


(20) 


EQV7 


XD + XE ~ XU , or XD + XE ~ XU; 


(21) 


EQV8 


3(XE + XE) + 2XW ~ XT + XT ; 


(22) 


EQV9 


X£7 + XT' ~ 2XTJ + XF , or XU + XE ~ 2XT> + . 


(23) 



where means the zero particle set. Equivalent relations f|T5|) - (fT8l) correspond respectively 
to 10, 5, 24, and 15-plets of S77(5). 
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The conditions A62 = A&3 and 2/5 < A&2 — A&3 < 13/5 for canonical gauge coupling 
unification are satisfied by the simple sets 

,4 



ZI : XW + 2(XD + XD) , Ab 



Z2 : XW + 3(XD + XD) + (XL + XL) 

,9 



;j,2,2)~(0,!,!); 

9 6 6 

A6=(|,3,3)~(0,-,- 



Z3 : XQ + XQ + X[/ + X[/, A6 



5-3,3) ~(0,|,|: 
,9 



ZA: XQ + XQ + XD + XD + XE + lCE, Ab = (-,3,3) ~ (0,-,-) 

5 5 5 



.9 



6 6, 



Z5:XG + 3{XL + XL) , Ab = (-, 3, 3) ~ (0, -, -) 

5 5 5 



,9 



6 6, 



ZQ-.XG + XW + XL + XL + XE + XE , A6 = (-, 3, 3) ~ (0, . 

5 5 5 



Z7 : XG + XW + XD + XD + 2(XL + XL) +XE + XE, 
Ab 



,14 , .6 6, 

-.4,4) -«>,-,-; 



Z8 : XQ + XQ + XD + XD , Ab 



-, 3,3)~(0, -,- 



Z9 : XG + XW + XL + XL , A6 = (-, 3, 3) - (0, ^) ; 

5 5 5 

Z10 : XT + XT + XW + 2XG , Ab = (-?, 6, 6) ~ (0, ^, ^ 

5 5 5 



(24) 
(25) 
(26) 
(27) 
(28) 
(29) 

(30) 
(31) 
(32) 
(33) 



all of which either have A62 — A&i = 6/5 (sets Zi, % = 1, . . . , 9) or A62 — A&i = 12/5 (sets 
Z8, Z9, Z10). The sets Zi (i = 2, 7) may be generated from Z\, and Z9 and Z10 from 
Z8 by using one-loop beta function equivalent relations: 



Equiv. sets 


Equiv. relations 


Equiv. sets 


Equiv. relations 


Z2 ~ ZI 


2 


Z3 ~ ZI 


1, 5 


Z4 ~ Z3 


7 


Z5 ~ ZI 


2, 5, 6 


Z6 ~ ZI 


5, 6 


Z7 ~ Z6 


2 


Z9 ~ Z8 


1, 6, 7 


Z10 ~ Z8 


5, 6, 8 



TABLE I: Equivalent sets and the equivalent relations involved. 

With two-loop RGE running for the gauge couplings and one-loop running for the Yukawa 
and Higgs quartic coupling, we show the supersymmetry breaking scales, the gauge coupling 
unification scales and the corresponding Higgs mass ranges for My = 200 GeV and 1 TeV 
in Table ILT1 The Higgs boson mass ranges correspond to the variation of tan/3 between 1.5 
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and 50, with smaller tan (3 giving a smaller Higgs boson mass, and a s and m t with their la 
ranges. For the same A62 — A&i, the actual values of A&i and A62, as well as the different 
two-loop beta functions due to the different additional particle contents can affect RGE 
running, and hence these mass scales and Higgs boson masses. This is evident in comparing 
the Zl, Z3 and Z5 sets. The Zl set has different Ab\ from Z3 and Z5, while Z3 and Z5 
differ in the two-loop beta functions due to the different extra particles involved. For Zl 
through Z9 the Higgs mass ranges are from about 119 GeV to 143 GeV for My = 200 GeV 
and from about 122 GeV to 145 GeV for My = 1 TeV. The Higgs mass ranges are from 
103 GeV to 143 GeV and from 113 GeV to 145 GeV in the model with the Z1Q set for 
My = 200 GeV and My = 1 TeV, respectively. The Higgs mass ranges are larger (i.e., 
a lighter Higgs is allowed) in the model with the Z10 set than the other models because 
the values of A&i and A62 are larger. In general, for the models with A62 — A&i = 6/5, 
the supersymmetry breaking scale is around 10 10 GeV. For those with A6 2 — A&i = 12/5, 
the supersymmetry breaking scale is about 10 15 GeV, which can be considered as the GUT 
scale up to uncertainties from the threshold corrections at the scales My, Ms, and My. For 
a particular model with the Zi set, the SM gauge couplings, the Higgs quartic coupling at 
the supersymmetry breaking scale, as well as the physical Higgs mass will decrease if we 
increase My. 

As an example, we show the two-loop RGE running for the SM gauge couplings in the 
model with the Z3 set in Fig. [2j 



IV. MODELS WITH NON-STANDARD VECTOR-LIKE PARTICLES 



In string model building, we may have vector-like particles which are charged under 



SU{3) C x SU(2) L and neutral under U{1) Y [23 



241 ] . Often, such particles also carry hidden 



sector charges. Thus, we introduce such non-standard vector-like particles in this Section. 
Their quantum numbers under SU (3)c x SU (2) L x U(l)y and their contributions to one-loop 
beta functions as complete supermultiplets are 



XQ0 + XQ0 = (3, 2, 0) + (3, 2, 0) , Ab = (0, 3, 2) ; 



XD0 + XD0 = (3, 1, 0) + (3, 1, 0) , Ab = (0, 0, 1) 



XL0 + XL0 = (1, 2, 0) + (1, 2, 0) , Ab = (0, 1, 0) 



(34) 
(35) 
(36) 
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My = 200 GeV 


My = 1000 GeV 


z 


Ab 2 - Abi 


M s 


M v 


m h 


M s 


M v 


m h 


Zl 


6/5 


2.9 x 10 10 


3.6 x 10 16 


123 - 


144 


1.8 x 10 10 


3.3 x 10 16 


125 - 145 


Z2 


6/5 


2.5 x 10 10 


4.4 x 10 16 


121 - 


143 


1.5 x 10 10 


4.0 x 10 16 


124 - 145 


Z3 


6/5 


4.0 x 10 10 


4.0 x 10 16 


121 - 


143 


2.3 x 10 10 


3.7 x 10 16 


124 - 145 


Z4 


6/5 


5.1 x 10 10 


4.0 x 10 17 


121 - 


143 


2.9 x 10 10 


3.7 x 10 16 


124 - 145 


Z5 


6/5 


6.6 x 10 10 


8.1 x 10 16 


121 - 


143 


4.5 x 10 10 


7.1 x 10 16 


123 - 145 


Z6 


6/5 


1.3 x 10 10 


7.0 x 10 16 


121 - 


143 


8.2 x 10 10 


6.1 x 10 16 


123 - 145 


Z7 


6/5 


9.6 x 10 10 


9.8 x 10 16 


119 - 


143 


6.7 x 10 10 


8.1 x 10 16 


122 - 145 


Z8 


12/5 


8.2 x 10 15 


6.2 x 10 16 


119 - 


143 


3.0 x 10 15 


5.6 x 10 16 


123 - 145 


Z9 


12/5 


3.9 x 10 15 


9.6 x 10 16 


119 - 


143 


1.6 x 10 15 


8.3 x 10 16 


123 - 145 


Z10 


12/5 


3.0 x 10 15 


3.1 x 10 17 


103 - 


143 


1.4 x 10 15 


2.1 x 10 17 


113 - 145 



TABLE II: The supersymmetry breaking scales, the gauge coupling unification scales, and the 
corresponding Higgs mass ranges for My = 200 GeV and 1000 GeV in the models with Zi sets of 
vector-like particles. All masses are in GeV. 



XSO + XSO = (6, 1, 0) + (6, 1, 0) , Ab = (0, 0, 5) . 



(37) 



We do not consider XUO + XUO, XTO or XYO + XYO because they are equivalent to 



XDO + XDO, XW, and XQO + XQO, respectively. 

Note that the states in (|34|) and (I36I) have half-integer electric charge, and that the 
lightest such particles would be stable. Due to the stringent experimental limits on the 
natural abundances of such particles and their bound states [34|, they would have to be 
much more massive than the reheating temperature after a period of inflation [35|. Thus, 
for them to exist at the TeV scale the reheating temperature would have to be extremely 
low 0. 

The additional independent one-loop beta function equivalent relations for the standard 
and non-standard particle sets are 



NEQV1 : 2XD0 + 3XL0 ~ XQO , or 2XD0 + 3XL0 ~ XQO ; 



NEQV2 : 5XD0 ~ XSO , or 5XD0 ~ XSO ; 



NEQV3 : 2XD + XE + 2XL0 ~ , or 2XD + XE + 2XL0 - 
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(38) 
(39) 
(40) 



10' 



10 



10 



11 



io 15 io 1S 



H (GeV) 



FIG. 2: Two-loop gauge coupling unification in the model with the Z2> set of vector-like particles. 
The solid curves are for My = 200 GeV, while the nearly overlapping dotted curves are for 
My = 1 TeV. 



NEQVA : 5XE + 6XD0 + 6XL0 ~ , or 5XE + 6XD0 + 6XL0 ~ 



(41) 



We consider the following simple sets of standard and non-standard vector-like particles 

(42) 



NZ1 : XD0 + XD0 + XL + XL , Ab 



2 2 



iVZ2 : 4{XD0 + XD0) + XT + XT , Ab = ( — , 4, 4) - (0, -, - 

5 5 5' 



NZ3 : XL0 + XL0 + XD + XD, Ab 



: s ,i,u 



/ 3 3 N 

(0 '5'5 ; 
,6 



iVZ4 : 2(XL>0 + XD0) + XW + XE + XE, Ab = (-, 2, 2) - (0, -, -) 

5 5 5 



NZ5 : XD0 + XD0 + XL0 + XL0 , Ab = (0, 1, 1) 



7 7, 



iVZ6 : XQ0 + XQ0 + XU + XU , A6 = (-, 3, 3) ~ (0, -, -) ; 

5 5 5 

NZ7 : XQ0 + XQ0 + XD + X~D + XE + X~E , Ab = (-, 3, 3) ~ (0, -, -) 

5 5 5 



NZ8 : XZX) + XD0 + XD + XD + XW , A6 = (-, 2, 2) ~ (0, -, -) 

5 5 5 

NZ9 : XL0 + XL0 + XG + 2(XL + XL) , Ab = (-, 3, 3) ~ (0, -, - x 

5 5 5' 



iVZIO : 2(XD0 + XD0) + XW , A6=(0,2,2); 



JVZ11 : XS0 + 5(XL + XL) , Ab = (3, 5, 5) - (0, 2, 2) ; 



(43) 

(44) 

(45) 
(46) 
(47) 

(48) 

(49) 

(50) 
(51) 
(52) 
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NZ12 : XDO + XDO + XLO + XLO + XQ + XQ + XU + XU , 

Ab =(- 4,4)~(0,-,-); (53) 

3 12 12 

XZ13 : 2(XL0 + XLO) + XG + XL + XL , Ab = (-, 3, 3) ~ (0, — , — ) ; (54) 

5 5 5 

NZIA : 2(XL0 + XLO) + XT + XT + 2XG , A6 = (— , 6, 6) ~ (0, — , — ) ; (55) 

5 5 5 

2 13 13 

NZ15: XQO + XQO + XD + XD, Ab = (-, 3, 3) ~ (0, — , — ) . (56) 

5 5 5 





M v = 200 GeV 


My = 1000 GeV 


NZ 


Ab 2 - Abi 


M s 


M v 


m h 


M s 


Mu 


m h 


NZl 
NZ2 


2/5 
2/5 


5.7 x 10 5 

1.8 x 10 6 


2.4 x 10 16 
2.9 x 10 16 


114 - 139 
114 - 140 


4.8 x 10 5 
1.6 x 10 6 


2.3 x 10 16 

6.4 x 10 16 


114 - 139 
107 - 139 


NZ3 


3/5 


9.0 x 10 6 


2.6 x 10 16 


119 - 142 


1.4 x 10 6 


3.6 x 10 16 


115 - 144 


NZ4, 


4/5 


2.6 x 10 8 


3.0 x 10 16 


121 - 143 


1.8 x 10 8 


2.8 x 10 16 


122 - 144 


NZ5 


1 


1.9 x 10 9 


3.1 x 10 16 


124 - 144 


1.2 x 10 9 


3.0 x 10 16 


125 - 145 


NZ6 
NZl 


7/5 
7/5 


3.9 x 10 11 
4.9 x 10 11 


4.3 x 10 16 
4.3 x 10 16 


121 - 144 
121 - 144 


2.1 x 10 11 
2.5 x 10 11 


4.0 x 10 16 
4.0 x 10 16 


124 - 145 
124 - 145 


NZ8 


8/5 


2.7 x 10 12 


4.2 x 10 16 


124 - 144 


1.3 x 10 11 


3.9 x 10 16 


126 - 146 


NZ9 


9/5 


7.3 x 10 12 


9.1 x 10 16 


121 - 143 


3.8 x 10 12 


7.9 x 10 16 


124 - 145 


NZW 
NZW 


2 
2 


1.5 x 10 14 
2.2 x 10 13 


4.8 x 10 16 
3.1 x 10 17 


124 - 144 
113 - 142 


6.5 x 10 13 
1.2 x 10 13 


4.5 x 10 16 
2.3 x 10 17 


126 - 146 
119 - 145 


NZ\2 


11/5 


1.2 x 10 15 


7.4 x 10 16 


116 - 143 


4.7 x 10 14 


6.5 x 10 16 


121 - 145 


NZ13 
NZU 


12/5 
12/5 


2.9 x 10 15 
2.0 x 10 15 


1.1 x 10 17 
3.6 x 10 17 


120 - 143 
104 - 143 


1.2 x 10 15 
9.8 x 10 14 


9.1 x 10 16 
2.4 x 10 17 


123 - 145 
113 - 145 


NZlh 


13/5 


4.7 x 10 16 


6.6 x 10 16 


118 - 143 


1.6 x 10 16 


6.0 x 10 16 


123 - 145 



TABLE III: Same as Table HI only for the NZi sets. 

With the non-standard vector-like particles, A6 2 — Ab% can be n/5, where n = 2, 3, 13. 
The sets with A6 3 = Ab 2 and Ab 2 — Abi = 6/5 are given in the previous Section. Simple 
estimates of the supersymmetry breaking scales and the unification scales from one-loop 
RGE running are already presented in the right plot of Fig. [TJ With two-loop RGE running 
for the SM gauge couplings and one-loop running for the Yukawa couplings and Higgs 

14 



quartic coupling included, we present the more reliable supersymmetry breaking scales, 
gauge coupling unification scales and the corresponding Higgs boson mass ranges in Table HTT1 
The supersymmetry breaking scales can be from 10 5 GeV to the GUT scale if we include the 
uncertainties from threshold corrections at My, Ms and Mjj. In general, the supersymmetry 
breaking scale will be higher for the models with larger A6 2 — A&i. 

We show the two-loop RGE running of the SM gauge couplings in the model with the 
NZ1 set in Fig. [3j Because of the smaller A62 — A&i value, the supersymmetry breaking 
scale is lower compared to Fig. [2j 

V. COMMENTS ON THE PHENOMENOLOGICAL CONSEQUENCES 

We now address the problem of how vector-like particles have masses at the electroweak 
scale. Since mass terms of vector-like particles are invariant under the Standard Model 
gauge group, we are allowed to write terms like XQ XQ in the Lagrangian, and the natural 
scale of this mass might be the unification scale. This would then lead to a new fine tuning 
problem. A natural mechanism to forbid such mass terms is to embed the particles in a larger 
symmetry group such that the only mass terms allowed are through Yukawa couplings with 
a singlet field S, for example S XQ XQ, with S having a VEV at the electroweak scale. This 




H (GeV) 

FIG. 3: Same as Fig. El only for the NZ1 set. 
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is the mechanism of mass generation of vector-like down-type quarks based on the group 
Eq which could arise from heterotic string compactification. The question of why vector- 
like particles do not occur in com plet e GUT multiplets can be understood by breaking the 



GUT symmetry via Wilson lines 



40j or orbifold projections [41| . Another consequence of 



the singlet field S is that we can obtain a strong first order electroweak phase transition 
with the presence of the trilinear interaction SH^H in the Higgs potential, similar to the 



next to the Minimal Supersymmetric Standard Model 
model [39]. 



38] and the supersymmetric U(l)' 



The vector-like fermions can yield rich low energy phenomenology. Models with XD and 



XD have received a lot of attention because they naturally occur in heterotic string inspired 
Eq models Q|. It is interesting to note that transformation under the Standard Model 
gauge group does not uniquely specify all the properties of such vector-like particles. For 



example, the superpotential of XD and XD has to be defined before a complete description 
can be given. Three possibilities depending on lepton and baryon number assignments are 
(a) down type quark, (b) leptoquark, and (c) diquark. For a review of the production and 
decays of these particles see Ret HQ- They m ay also he ^i-stable deca~,y by 
higher-dimensional operators [45J with cosmological and collider implications |44j. 1451] . For 



the models with XU and XU, there are new effects in top and charm quark (e.g. } D meson) 
physics, while for the models with XD and XD, we have new effects in B physics [n], Q, H] ■ 



Also, models with XQ, XQ, XD and XD can explain the bottom quark forward-backward 
asymmetry (A b FB ) [if]]. Neutrino masses and mixings can be generated if there exist XW and 



XL j XL, or two XW, or two XL/ XL. The neutral component of XW or XL/ XL can be a 
cold dark matter candidate if there exists a discrete symmetry and their masses are around 
the TeV scale 48j. The models with XW, XL, and XL, may not only explain the dark 



matter but also generate the baryon asymmetry via electroweak baryogenesis 49J. Similar 
to split supersymmetry, the supersymmetry breaking scale may not be higher than 10 12 GeV 
in the models with XG and the standard vector-like quarks because XG cannot decay fast 
enough via Yukawa couplings in the superpotential to satisfy cosmological constraints 50]. 
For models with XG but no other standard vector-like quarks, the cosmological constraint 
on XG and the phenomenological consequences deserve detailed study because XG can 
be stable at least in some orbifold models. Similarly, whether the non-standard vector- 
like particles can decay, and the cosmological constraints on the non-standard vector-like 
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particles and their phenomenological consequences deserve further detailed study. 

Let us focus on the experimentally viable models which have standard vector-like parti- 
cles. Suppose that the axion is the cold dark matter candidate, and we introduce two or 
three right-handed neutrinos to explain the neutrino masses and mixings and the baryon 
asymmetry. The simple models with 10 10 GeV-scale supersymmetry breaking are those with 
Z\ and Z3 sets, and the simplest with 10 15 GeV-scale supersymmetry breaking is the one 
with the Z8 set. If that axion does not contribute to the dominant cold dark matter density, 
and the neutrino masses and mixings are generated due to the R— parity violating terms 51] , 
the model with the Z2 set is the simplest which has a dark matter candidate and can explain 
the baryon asymmetry. 

The phenomenological consequences of our models, for example, new effects in the meson 
physics, CP violation, and the collider signatures at the LHC will be presented in detail 
elsewhere. 



VI. DISCUSSIONS AND CONCLUSIONS 



We studied the canonical gauge coupling unification in the extensions of the SM with uni- 
versal high-scale supersymmetry breaking by introducing additional SM vector-like fermions. 
To avoid the dimension-6 proton decay problem and quantum gravity effects, we require that 
the gauge coupling unification scale is from 5 x 10 15 GeV to the Planck scale. We assume 
that the supersymmetry breaking scale is below the unification scale, and that the univer- 
sal masses of the vector-like fermions are from 200 GeV to 1 TeV. In order to have the 
canonical gauge coupling unification and to satisfy these requirements and assumptions, we 
showed that Ab 2 = A6 3 and 2/5 < Ab 2 — Ab\ < 13/5 for the extra vector-like particles. 
To systematically construct the models with canonical gauge coupling unification, we used 
the technique of the one-loop beta function equivalent relations for the particle sets. We 
discussed two kinds of models. The first kind of models have standard vector-like particles 
while the second kind of models have standard and non-standard ones. In the models with 
simple sets of extra vector-like fermions whose universal masses are 200 GeV and 1 TeV, 
we presented the supersymmetry breaking scales, gauge coupling unification scales, and the 
corresponding Higgs mass ranges. In the first kind of models, Ab 2 — Abi can only be equal 
to 6/5 and 12/5, and then the corresponding supersymmetry breaking scale can only be 



17 



around 10 10 GeV and 10 15 GeV, respectively. In the second kind, A62 — Afei can be n/5, 
in which n = 2, 3, 13, so the supersymmetry breaking scale can be from 10 5 GeV to 10 16 
GeV. Because the universal masses for the vector-like fermions are within the reach of the 
LHC, these models can definitely be tested at the LHC. 

We briefly commented on some phenomenological consequences of these models, which 
deserve further detailed study. 
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APPENDIX A: RENORMALIZATION GROUP EQUATIONS 



In this Appendix, we give the renormalization group equations in the SM and MSSM. The 



general formulae for the renormalization group equations in the SM are given in Refs. 
and those for the supersymmetric models in Refs. 



52 



54 



55 



56] 



53|, 



First, we summarize the renormalization group equations in the SM. The two- loop equa- 
tions for the gauge couplings are 



d a 3 

(4*) Tt g< = g t bi + ^ 



E "uU] - E dn±(h°«h a ) 



(Al) 



a=u,d,e 

where t = ln/i and \x is the renormalization scale, gi, g^ and #3 are the gauge couplings 
for U(1)y, SU(2)l and SU(3)c, respectively, where we use the SU(5) normalization g\ = 



(5/3)<7y. The beta-function coefficients are 



, /41 19 
6= U'-6-' 



B 



/ 199 
' 50 

_9_ 

10 

11 
10 



27 
10 


44 \ 
5 


35 
6 


12 


9 
2 


-26 ) 



(A2) 
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(A3) 



Since the contributions in Eq. (lAlj) from the Yukawa couplings arise from the two-loop 
diagrams, we only need Yukawa coupling evolution at one-loop order. The one-loop renor- 
malization group equations for the Yukawa couplings are 

(4tt) 2 -^ h u = h u (-J2 c u i9l + ~h u] h u - -h d ^h d + A 2 \ , (A4) 
at \ i=1 2 2 J 

( 4vr )2^ h d = h d (^-J2 c i9i ~ \h u ^h u + h d ^h d + A 2 ^ , (A5) 

(4tt) 2 | = h e (-j: c\g\ + + A 2 ) , (A6) 

where h u , h d and /i e are the Yukawa couplings for the up-type quark, down- type quark, and 
lepton, respectively. Also, c u , c d , and c e are given by 

1 9 



' V20'4'' 



4'4 : 







).*-(!■ 









and 



A 2 = Ti (3h u ^ h u + 3h dj h d + h e ^h e 



(A7) 



(A8) 



The one-loop renormalization group equation for the Higgs quartic coupling is 

d . ,_.o /9 



( I fj t X = 12A 2 - i^gf + 9^ 2 ) A + ? (A<rf + jj^ + ^ j Q;jA Qj {AQ) 



where 



A, 



Tr 



(A10) 



Next, we summarize the renormalization group equations in the MSSM. The two-loop 
renormalization group equations for the gauge couplings are 



where the beta-function coefficients are 

"33 



j=l a=u,d,e 



(All) 



/ 199 27 88 \ 
' 25 5 5 ' 



1,-3 



B 



25 24 



26 



,6,4 , d a 



9 
5 

Vt 9 14/ 

14 \ „ /18 
6,4 , rf e = —,2,0 



5' 'V ' V5'~" 



(A12) 

(A13) 
(A14) 
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The one-loop renormalization group equations for Yukawa couplings are 



(4r)'| / = y° 



3yV + !/ V + 3Tr(yV ) - T. <=?9 

1=1 

I/V + 3yV + Tt(3y V + y * y .) _ £ 



i=l 



i=l 



(A15) 
(A16) 
(A17) 



where y u , y d and y e are the Yukawa couplings for the up-type quark, down-type quark, and 
lepton, respectively. c u , c d , and c e are given by 



13 16 N 
''■ = , 15' 3 'T' ' '"' 



15' ' 3 / ' V5' ' 



(A18) 



APPENDIX B: TWO-LOOP BETA FUNCTIONS FOR THE VECTOR-LIKE 
PARTICLES 



In this Appendix, we present two-loop beta functions contributions to the SM gauge 
couplings from the vector-like particles which are introduced in Sections III and IV. The 



general formulae are also given in Refs. 



52 



53 



54 



55 



56] 



The two-loop beta functions (ABy) from the extra particles in the non-supersymmetric 
models are 
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